Objective: To evaluate if cognitive reserve (CR) contributes to interindividual differences in frontal gray matter density (GMD) and executive impairment that underlie heterogeneity in the disease course of confirmed frontotemporal lobar degeneration (FTLD) pathology.
Frontotemporal lobar degeneration (FTLD) is a pathologic spectrum of progressive neurodegenerative conditions affecting the frontal and temporal lobes that are associated with executive, social, and language impairments. 1 The disease course of FTLD is highly variable across individuals, including age at onset, 2 rate of decline, 3 and survival. 4 While some biologic mechanisms have been proposed to account for this heterogeneity, 5, 6 environmental factors contributing to disease course remain obscure.
Cognitive reserve (CR) theories suggest environmental factors including education and occupation provide a reserve against the clinical manifestation of neurodegenerative disease despite significant pathologic burden. 7 Individuals with high CR may compensate for dementia-associated neurodegeneration by increasing recruitment of frontal executive resources to improve cognitive performance and delay symptom detection. 8, 9 In patients with FTLD, access to frontal executive resources is compromised early in disease course due to frontal tau or TDP-43 pathology. Prior research on CR in FTLD spectrum disorders is largely limited to patients with behavioral variant frontotemporal dementia (bvFTD) with unconfirmed FTLD pathology, and has largely focused on brain metabolism and other functional measures. [10] [11] [12] There is a thus a need for investigation of CR in FTLD spectrum patients with confirmed FTLD pathology using structural measures of brain integrity.
Recent evidence from patients with autopsy-confirmed FTLD suggests that higher occupational attainment is associated with longer survival from symptom onset. 13 From this perspective, patients with FTLD with higher occupational attainment may detect dementia symptoms earlier than lower occupational attainment patients due to increased frontally mediated work demands, therefore giving the impression that they are surviving longer. This is in contrast with traditional CR accounts based on Alzheimer disease (AD) that suggest that higher CR factors such as education and occupational attainment are associated with shorter survival.
Critically, since AD has a neuroanatomic distribution of disease distinct from FTLD, including less frontal lobe disease, CR may function differently in patients with FTLD. However, to our knowledge, the anatomic and cognitive profiles associated with CR in patients with confirmed FTLD remain unknown. Given the frontal distribution of disease in FTLD, we hypothesized that CR in patients with FTLD would be associated with less severe disease in terms of frontal cortex gray matter (GM) and frontally mediated cognitive performance. METHODS Participants. We report 55 patients recruited from the Penn Frontotemporal Degeneration Center at the University of Pennsylvania and clinically diagnosed by a board-certified neurologist (M.G., D.I.) using published criteria for a clinical syndrome associated with FTLD pathology. [14] [15] [16] [17] Inclusion criteria consisted of postmortem neuropathologic diagnosis or genetic screening (supplemental data at Neurology.org), an antemortem T1weighted MRI scan, neuropsychological assessment, and known occupational status and years of education. Patients' clinical syndrome included bvFTD (n 5 34), amyotrophic lateral sclerosis (ALS) with frontotemporal dementia (ALS-FTD, n 5 7), nonfluentagrammatic primary progressive aphasia (n 5 6), corticobasal syndrome (CBS, n 5 4), semantic-variant primary progressive aphasia (n 5 1), progressive supranuclear palsy (PSP, n 5 2), and ALS with mild cognitive impairment (n 5 1). Disease duration was defined as time of symptom onset, based on caregiver report of the earliest clinical feature, until time of MRI acquisition. Disease duration can alternatively be calculated as months between first diagnosis and clinical appointment and post hoc analyses confirm similar results when using this calculation (all p , 0.05).
To identify regions of significant GM atrophy in FTLD, we recruited 90 demographically comparable healthy controls who self-reported a negative history for neurologic or psychiatric disease and scored Mini-Mental State Examination (MMSE) .27. 18 Demographic features of patients with FTLD and controls are summarized in table 1. There was no significant difference in age, education, sex, or CR index (see below) between controls and patients (all p values . 0.05).
Standard protocol approvals, registrations, and patient consents. All patients and controls participated in an informed consent procedure approved by an institutional review board convened at the University of Pennsylvania.
Cognitive reserve index. We assessed CR using a composite measure of education and occupation similar to previous reports. 10, 19 Education was recorded in years and ranked with a score ranging from 1 to 4: (1) #12 years (primary or secondary education; n 5 13); (2) .12 and ,16 (some postsecondary education; n 5 8); (3) 16 years (college education; n 5 11); and (4) .16 years (graduate education; n 5 23). Occupation was ranked on a 1-to 4-point scale based on US census categories: (1) unskilled laborers (n 5 2); (2) operative and service workers (n 5 5); (3) managers, administrators, clerical, and sales (n 5 20); (4) professional and technical workers (n 5 28). We report a CR index as the sum of education and occupation ranks. Neuropsychological assessment. Neuropsychological assessments including letter fluency, 20 MMSE, 21 forward digit span, 22 Rey figure copy, 23 and Boston Naming Test 24 were performed approximately 2 months within date of scan (mean 2.20, SE 0.53; range 0-16) (see appendix e-1 for details of assessments). Forward digit span was unavailable for 2 patients, Rey copy was unavailable for 5 patients, and Boston Naming Test was unavailable for 11 patients.
In addition to reporting raw patient performance on neuropsychological assessments, we report the proportion of patients impaired on each task relative to published normative data of healthy controls matched to the mean age and mean education of our patients where available 21, 20, 25 ; we report patient performance on Rey copy relative to normative data based on healthy controls recruited by the Penn Frontotemporal Degeneration Center who were matched to patient mean age and education (n 5 22 [50% female]; age, years: mean 61.81, SD 4.97; education, years: mean 15.73, SD 2.37). We defined patient impairment on each task as performance $1.96 SD, equivalent to p , 0.05, below normative data from healthy controls.
We used linear regression to relate performance on neuropsychological measures to CR index including age at assessment as a nuisance covariate. We report one-tailed p values as we predicted higher CR index to relate to better performance on neuropsychological measures.
Neuroimaging analyses. High-resolution volumetric MRIs
were acquired and processed for all participants as described in appendix e-1. We used randomise software in FSL to perform nonparametric, permutation-based statistical analyses. 26 Permutation-based statistical testing is robust to concerns regarding multiple comparisons since, rather than a traditional assessment of 2 sample distributions, this method assesses a true assignment of factors (e.g., group, CR index) to GM relative to many (e.g., 10,000) random assignments. We adopt a priori statistical thresholds similar to prior reports 27 that include FWE correction for GM t tests and, to minimize Type II error (not observing a true regression result), uncorrected p values for GM regressions.
Analysis 1. First, we evaluated regions of reduced gray matter density (GMD) in patients with FTLD relative to controls using a nonparametric t test. For this analysis, we constrained t tests using an explicit mask restricted to include only high probability GM (.0.5). We report clusters surviving p , 0.001 (family-wise error) threshold and cluster extent of .50 adjacent voxels relative to 10,000 random permutations.
Analysis 2. Second, we conducted 2 regression analyses to evaluate the relationship between CR index and GMD in patients (analysis 2a) and in controls (analysis 2b), and restricted both analyses to a mask defined by regions of reduced GMD in patients relative to controls from analysis 1. This focused our interpretation of CR in the context of GM regions affected by FTLD; it would be difficult to interpret how regions of GMD not significantly different from controls contribute to cognitive function of patients with FTLD. Table e-1 illustrates whole-brain analyses that do not include an explicit mask of reduced GMD.
We report clusters that survive a p , 0.05 (uncorrected) threshold and cluster extent threshold of .50 adjacent voxels relative to 10,000 random permutations. Analysis 2a (patients) included disease duration and age at MRI as nuisance covariates and analysis 2b (controls) included age at MRI as a nuisance covariate in an effort to control for factors associated with individual differences in GM but not specifically associated with CR.
Analysis 3. Finally, we used Pearson correlations to examine regions associated with CR in patients relative to performance on neuropsychological measures. For each patient, we extracted the mean GMD in each region identified as associated with CR index from analysis 2a. We then correlated mean GMD with performance on each neuropsychological test and report Bonferronicorrected p values.
RESULTS Neuropsychological assessment. Patients demonstrated most impairment on letter fluency (70.91% impaired) consistent with compromised frontal resources relative to other domains including attention on forward digit span (18.87% impaired), visuospatial function on Rey copy (56% impaired), nonspecific global cognitive impairment on MMSE (58.18% impaired), and language deficits on the Boston Naming Test (36.36% impaired) (table 1). Regression analyses indicated that higher CR index was associated with better performance on letter fluency (95% CI 20.015, 1.38; t 5 1.96, p 5 0.028), but not MMSE, forward digit span, Rey copy, or Boston Naming Test (all p . 0.05).
Neuroimaging results. Analysis 1. Patients with FTLD had reduced GMD relative to controls throughout bilateral frontal and temporal lobes, consistent with the known pattern of GM disease associated with FTLD pathology (table 2, figure 1).
Analysis 2a. By restricting analysis to regions where patients exhibited reduced GMD relative to controls, we next found that higher CR index in patients was associated with higher GMD in right frontal cortex, including rostral, orbital, inferior, and dorsolateral prefrontal regions (table 2, figure 1 ). Thus, a patient with a higher CR index exhibited higher frontal GMD in these diseased regions in comparison to a patient with a lower CR index. We found no association between lower CR index and higher GMD in any region of reduced GMD relative to controls (not shown).
Analysis 2b. To examine the specificity of the relationship between CR index and GMD in FTLD, we performed a comparable analysis in controls restricted to the same GM regions as the regression analysis in patients. We found that higher CR index in controls was associated with higher GMD in the left inferior frontal gyrus only (table 2, figure e-1). Analysis 3. In patients, frontal GMD related to higher CR index was also associated with superior performance on letter fluency (p , 0.05), but not MMSE, forward digit span, Rey copy, or Boston Naming Test (all p . 0.05) (table 3, figure 2) . Other regions of frontal GMD from analysis 2 were not related to superior performance on any neuropsychological task (all p . 0.05) (not shown).
Post hoc analyses. While our primary analyses use a CR index, we performed post hoc analyses to evaluate education and occupational attainment alone; we observed findings largely convergent with our CR index analyses (see appendix e-1, table e-2, and figure e-2).
To evaluate whether right frontal GMD associated with CR is partially driven by sources of heterogeneity in our cohort, we also performed post hoc logistic regression analyses evaluating neuropathologic, genetic, and clinical subgroups. First, we observed that mean GMD in right rostral, orbital, inferior, and dorsolateral prefrontal regions were not significant predictors of tau vs TDP-43 pathologic subgroups (all factors p . 0.10). Second, we observed that each of these 4 GM regions also were not significant predictors of genetic mutation or sporadic forms of disease (all factors p . 0.10). Finally, we evaluated whether the 4 GM regions associated with CR were significant predictors of bvFTD clinical phenotype vs other phenotypes, since bvFTD is the predominant phenotype in our cohort. This analysis revealed that one region, right dorsolateral prefontal cortex (p 5 0.048), was more reduced in bvFTD relative to other phenotypes; however, all remaining regions did not differ (all p . 0.05). Together, these findings are suggestive that these sources of heterogeneity are not likely confounding our observed findings related to CR in FTLD. DISCUSSION Our results suggest that CR contributes to interindividual differences in reduced frontal GMD and executive impairment that underlie heterogeneity in the disease course of FTLD. In an analysis restricted to frontal and temporal lobe regions of reduced GMD relative to controls, patients with higher CR exhibited higher GMD in right frontal cortical regions compared to patients with lower CR. Moreover, we demonstrate that regions related to CR in FTLD appear to be specific: CR in control participants was only related to higher GMD in the left IFG. In patients with FTLD, higher frontal GMD in right frontal cortical regions was associated with superior performance on letter fluency, a neuropsychological measure of executive control and verbal ability indicative of frontal lobe integrity. These findings are consistent with a reserve model linking preserved frontal anatomic integrity and superior strategic processing to the prolonged survival of patients with FTLD who have higher education and occupational attainment. 13 Our findings are consistent with other evidence suggesting that CR is an environmental factor influencing the spectrum of disease in FTLD. Prior neuroimaging studies of patients with bvFTD with unconfirmed FTLD pathology indicate CR may counteract the onset of dementia, 10-12 while a recent survival analysis in patients with autopsy-confirmed FTLD pathology by our group indicates that higher occupational attainment is associated with prolonged survival from symptom onset. 13 These studies suggest that, despite the commonality of frontotemporal-predominant neurodegeneration, patients with FTLD appear to exhibit heterogeneous disease course that is determined in part by environmental factors related to CR. It is imperative to identify and understand potential environmental contributors to the rate of decline in FTLD, as these may serve as prognostic markers and eventual therapeutic targets.
Our analysis of CR in control participants demonstrates specificity of higher GMD in right frontal cortex associated with CR in patients with FTLD. Several other studies have investigated CR in healthy controls, demonstrating a positive relationship between CR and structural brain integrity. For example, one study demonstrates that in healthy older controls, higher years of education are positively associated with GM volume in the superior temporal gyrus, insula, and anterior cingulate cortex. 28 While we similarly found a positive association between CR index and GMD in the left IFG in our healthy control group, this region did not overlap with any region of higher GMD associated with higher CR index in our patient group. We interpret this to suggest that our findings of higher GMD associated with higher CR in the right rostral and orbital frontal cortex, dorsolateral prefrontal cortex, and inferior frontal gyrus are specific to patients with FTLD. Future Table 2 Results of a t test showing regions of reduced gray matter density (GMD) in frontotemporal lobar degeneration (FTLD) patients relative to healthy controls (analysis 1) and results of regression analyses in patients (analysis 2a) and controls (analysis 2b) showing a positive relationship between GMD and cognitive reserve (CR) in regions from analysis 1 work is necessary to evaluate the potential role of left IFG in CR in healthy controls, but limited neuropsychological data in the current control cohort preclude our ability to evaluate the behavioral consequences of this association. To our knowledge, no prior studies have examined the association between CR and heterogeneity in neuroanatomical structure and cognitive function in patients with a clinical FTLD syndrome due to confirmed FTLD-tau or FTLD-TDP pathology. Some studies report that patients with clinically diagnosed FTD who have higher education and occupation exhibit evidence of greater frontal disease as measured by regional cerebral glucose utilization and regional cerebral blood flow. [10] [11] [12] These studies have been interpreted to suggest that CR confers compensatory benefit such that individuals with FTD who have higher CR can better withstand accumulating frontotemporal pathology than individuals with lower CR, and therefore delay symptom presentation. This resembles findings reported in AD. 8, 9 However, differences in patient population and study design necessitate cautious interpretation of these results. For example, as many as 16.7% of patients with FTD-related syndromes have AD neuropathology. 29 Furthermore, the relationship between higher CR and greater frontotemporal pathology is difficult to interpret in this work in the absence of neuropsychological data. For example, it is unclear if for the same severity of frontotemporal pathology, patients with FTD with higher CR demonstrate better cognitive or behavioral function than patients with FTD with lower CR. Future research is needed to provide a more detailed assessment of how structural GM, functional imaging, and neuropsychological measures interact in the context of CR.
Several mechanisms may underlie the association between higher CR index and higher right frontal cortex GMD and superior letter fluency in patients with FTD. One possible mechanism is interindividual differences in genetic predisposition. For example, genetic studies in healthy twins suggest that there is a genetic contribution to normal variation in human cognitive function and brain morphology, including frontal cortex GM volume. 30 Another possibility is that higher frontal GM and superior cognitive function in patients with FTD with higher CR may be a function of earlier stages of disease. For example, patients with higher education and occupational Higher cognitive reserve (CR) in patients with frontotemporal lobar degeneration (FTLD) and higher gray matter density (GMD) in diseased frontal lobe regions Analysis 1: Results of a nonparametric t test show regions of reduced GMD in patients with FTLD (n 5 55) relative to demographically comparable controls (n 5 90). Analysis 2a: Results of a regression analysis in patients with FTLD (n 5 55) restricted to regions of reduced GMD from analysis 1 (white regions) demonstrate that higher GMD in the right dorsolateral prefrontal cortex, rostral frontal cortex, orbital frontal cortex, and inferior frontal gyrus is associated with higher CR index. Color bar represents 1 2 p value with yellow representing highest significance. attainment who are more dependent on frontally mediated executive functions may be more sensitive to the emergence of cognitive difficulty, leading to clinical symptom detection at an earlier stage of disease. Either of these proposed mechanisms could result in patients with higher CR exhibiting relatively higher frontal GM and superior letter fluency compared to patients with lower CR. Longitudinal structural and functional neuroimaging and neuropsychological assessment in controls and patients with FTD are necessary to evaluate individual differences in rates of disease progression underlying heterogeneity in FTLD disease course related to education and occupation as proxies of CR. Our findings contribute to a growing body of evidence for factors thought to influence heterogeneity in FTLD disease course, and suggest the consideration of both biological and environmental factors. Others suggest that risk alleles in single nucleotide polymorphisms, including rs1768208 in the myelin oligodendrocyte basic protein (MOBP) gene 31 and rs1990622 in the TMEM106B gene, 5 are associated with greater pathology and earlier age at onset and death in FTLD. Moreover, recent evidence indicates that epigenetic factors like C9orf72 promoter hypermethylation are associated with reduced neuronal loss and reduced GM atrophy in frontal cortex. 6 While genetic factors may contribute to heterogeneity in the disease course of FTLD, our exploratory analyses suggest that genetic status is not a confounder of the current observations. Future research should investigate interactions between environmental factors, like CR, and biological factors, like genetics and epigenetics, on clinical heterogeneity in FTLD.
Several potential caveats should be considered in the current study. We assessed CR using a composite index of education and occupation; however, future research should also consider other environmental factors implicated in CR such as midlife leisure activities. 32 Our patient cohort self-reported predominant white race and most received a college education; thus, more racially and educationally diverse samples are needed in future studies of CR in patients with FTLD. Another caveat to consider is that the current study cohort included several different clinical phenotypes with a majority of our sample comprising bvFTD and the remaining consisting of primary progressive aphasias and movement disorders (e.g., CBS, PSP). While future research is necessary to stratify by clinical phenotype, our post hoc analyses suggested that only one GM region, right dorsolateral prefrontal cortex, was related to bvFTD. Importantly, regions implicated in CR that are most likely to be shared across clinical phenotypes, such as right inferior frontal gyrus, did not show differences in GMD. Other sources of heterogeneity in our patient cohort including presence/ absence of a genetic mutation and FTLD-tau/ FTLD-TDP pathology also did not appear to contribute to GM differences in regions related to CR, though future studies must address these distinct groups.
With these caveats in mind, our research suggests that CR is an environmental factor contributing to heterogeneity in executive control and verbal ability of patients with known FTLD pathology mediated by neuroanatomic structure. These findings stimulate investigation into additional environmental contributors to disease course, and suggest their importance in Higher gray matter density (GMD) associated with higher cognitive reserve (CR) and superior letter fluency Analysis 3: Mean GMD in regions associated with higher CR from analysis 2a are also associated with superior performance on letter fluency in patients with frontotemporal lobar degeneration (n 5 55), including right rostral frontal cortex (A), inferior frontal gyrus (B), orbital frontal cortex (C), and dorsolateral prefrontal cortex (D).
